Abstract-The chloride channel ClC-Kb is expressed in the basolateral cell membrane of the distal nephron and participates in renal NaCl reabsorption. Loss-of-function mutations of ClC-Kb lead to classic Bartter syndrome, a rare salt-wasting disorder. Recently, we identified the ClC-Kb T481S polymorphism, which confers a strong gain-of-function effect on the ClC-Kb chloride channel. The present study has been performed to explore the prevalence of the mutation and its functional significance in renal salt handling and blood pressure regulation. As evident from electrophysiological analysis with the 2-electrode voltage-clamp technique, heterologous expression of ClC-Kb T481S in Xenopus oocytes gave rise to a current that was 7-fold larger than the current produced by wild-type ClC-Kb. The prevalence of the mutant allele was significantly higher in an African population from Ghana (22%) than in whites (12%). As tested in 1 white population, carriers of ClC-Kb T481S were associated with significantly higher systolic (by Ϸ6.0 mm Hg) and diastolic (by Ϸ4.2 mm Hg) blood pressures and significantly higher prevalence (45% versus 25%) of hypertensive (Ն140/90 mm Hg) blood pressure levels. Individuals carrying ClC-Kb T481S had significantly higher plasma Na ϩ concentrations and significantly decreased glomerular filtration rate. In conclusion, the mutation ClC-Kb T481S of the renal epithelial Cl 
A mple evidence points to a role of renal tubular sodium chloride (NaCl) reabsorption in the development of hypertension. Increased renal tubular reabsorption, eg, in mineralocorticoid excess 1 or in genetic disorders leading to enhanced renal tubular Na ϩ reabsorption, [2] [3] [4] are well-known causes of hypertensive disease. Approximately 20% of filtered Na ϩ are reabsorbed in the thick ascending limb of the loop of Henle (TAL). 5 Thus, deranged reabsorption of Na ϩ in this nephron segment could impact on blood pressure regulation. Reabsorption of Na ϩ in the TAL is accomplished by entry of Na ϩ across the apical membrane via the Na ϩ, K ϩ ,2Cl Ϫ cotransporter (NKCC2 or BSC1). 6, 7 The cotransported K ϩ recircles into the lumen via the renal outer medullary K ϩ channel ROMK. 8 Across the basolateral cell membrane, Na ϩ is extruded by the Na ϩ /K ϩ ATPase 5 and Cl Ϫ exits via Cl Ϫ channels composed of the pore-forming unit ClC-Kb 9 and the ␤-subunit barttin. 10, 11 The recirculation of positively charged K ϩ via ROMK across the apical cell membrane and the exit of negatively charged Cl Ϫ via ClCKb/barttin across the basolateral cell membrane generate a lumen-positive transepithelial voltage-gradient that drives paracellular Ca 2ϩ reabsorption. The significance of these transport pathways for blood pressure regulation is illustrated by the fact that inhibitors of NKCC2, ie, loop diuretics, are highly effective in antihypertensive treatment. 12, 13 Moreover, loss of function mutations of genes encoding NKCC2, 14 ROMK, 15, 16 ClC-Kb, [17] [18] [19] barttin, 20, 21 or ClC-Ka and ClCKb 22 lead to renal salt wasting and hypotension. 23, 24 Beyond their localization in the TAL of Henle's loop, ClC-Kb and barttin are expressed in the macula densa and more distal segments of the nephron. 10, 11 Barttin, in addition, associates with the ClC-Kb homologue ClC-Ka in thin limbs of the loop of Henle and in the inner ear. 10, 11 Mutations of the ClC-Kb gene CLNKB lead to the classic Bartter syn-drome, 17, 18 characterized by mild salt wasting, whereas a combined loss-of-function of ClC-Ka and ClC-Kb by mutations of the barttin gene BSND or digenic mutations in CLCNKA and CLCNKB cause severe renal salt wasting with antenatal onset, congenital deafness, and renal failure. 20, 22 Most recently, voltage clamp experiments disclosed that a naturally occurring variation of the CLCNKB gene (1441 AϾT; Acc. No. NM 000085.1), leading to the replacement of threonine by serine at the amino acid position 481 of the ClC-Kb protein (ClC-Kb T481S ), dramatically increases ClC-Kb chloride channel activity. 25 In theory, enhanced activity of ClC-Kb should decrease cytosolic Cl Ϫ concentration, which, in turn, would enhance the driving force and transport rate of the luminal Na
Ϫ cotransport, eventually stimulating transepithelial NaCl reabsorption. To the extent that enhanced reabsorption of Na ϩ in the TAL would lead to renal salt retention, carriers of the ClC-Kb T481S mutation should be prone to increased blood pressure. The present study aimed to explore whether this mutation may impact on blood pressure regulation.
Methods

Functional Analysis of Mutated ClC-Kb
To verify the functional significance of the ClC-Kb T481S mutation, Xenopus laevis oocytes were injected 26 with cRNA-encoding wild-type barttin (5 ng/oocyte) together with 5 ng/oocyte of either wild-type ClC-Kb 11 or ClC-Kb
T481S
. 25 After 3 days, the currents were determined in 2-electrode voltage-clamp experiments with a pulse protocol of 800 ms pulses from Ϫ140 mV to ϩ40 mV in 20-mV increments from Ϫ60 mV. Steady-state currents at the end of each voltage step were filtered at 10 Hz and recorded with MacLab digital to analog converter and software for data acquisition and analysis (AD Instruments, Castle Hill, Australia). The bath solution (ND96) contained (in mM) 96NaCl, 2KCl, 1.8CaCl 2 , 1MgCl 2 , and 5HEPES, pH 7.4.
Volunteers
Students and employees of the University of Tübingen (whites) volunteered for blood pressure measurements and genetic analysis. No dietary recommendations were given and individuals undergoing antihypertensive treatment were not a priori excluded. Frequency distribution of the ClC-Kb T481S mutation was further investigated in 3 additional groups recruited randomly from: (1) healthy blood donors in the Department of Transfusion Medicine, University Hospital of Tuebingen; (2) general population of Southern Bavaria; (3) hospital staff and medical students of the Ghana Medical School in Accra, mainly of the Ga tribe. 27, 28 The study was approved by the respective local ethics committees in Munich and Tübingen and the University Accra, Ghana. All volunteers and patients gave their written informed consent.
Mutational Analysis
In a first approach, genotyping was performed by a 5Ј nuclease assay using TaqMan technology. Polymerase chain reaction (PCR) primers and probes were designed using the Applied Biosystems (Foster City, Calif) primer express program (Primer Express version 1.5) in conjunction with manual adjustment. TaqMan MGB probes were custom synthesized by Applied Biosystems: wild-type (A): FAM-ACCCACACCATCTC; mutant (T): VIC-ACCCACTCCATCTC; primers were synthesized by MWG (MWG-Biotech AG, Ebersberg, Germany): forward: 5Ј-CTGAGCTGCCCTGCCTGA-3Ј; reverse: 5Ј-GCACTATCTGGCCGGTCAC-3Ј. PCR was performed in a reaction volume of 25 L with 20 ng genomic DNA, 200 nM of each probe, and 900 nM of forward and reverse primers in 1ϫ TaqMan Universal PCR Master Mix. Amplification conditions were: 1 cycle of 50°C for 2 minutes, 1 cycle of 95°C for 10 minutes, and 40 cycles each of 92°C for 15 seconds, and 60°C for 1 minute. Fluorescence signals were determined with ABI PRISM 7700 detection system and results analyzed using Sequence Detection System (SDS) Software Version 1.7 (Applied Biosystems, Foster City, Calif). Each TaqMan run comprised 4 DNA samples homozygous for allele 1 (AL1), 4 samples homozygous for allele 2 (AL2), and 4 reactions in which no DNA template or allelic reference was included (no template controls).
In a second approach, fluorescence resonance energy transfer with Light Cycler (Roche Diagnostics, Mannheim, Germany) was used for genotyping. 29 For the ClC-Kb T418S (A/T) polymorphism, the following conditions were applied: forward primer: 5Ј-CTG CCT GAC TCT GCC CTT GCA G-3Ј; reverse primer: 5Ј-CAG TCA GCC TGA GGT GGG CAC-3Ј; donor hybridization probe: 5Ј-GTG ACC CAC ACC ATC TCC AC-fluorescein-3Ј; acceptor hybridization probe: 5Ј-LCRed640-GCT GCT GGC CTT CGA GGT GAC CGG CCA GAT-3Ј. PCR was performed with 50 ng DNA in a total volume of 20 L containing 2 L reaction mix, 0.5 mol/L each primer, 0.2 mol/L each hybridization probe, and 2 mol/L MgCl 2 according to the manufacturers instructions for 40 cycles of denaturation (95°C, 0 seconds, ramp rate 20°C/s), annealing (66°C, 10 seconds, ramp rate 20°C/s), and extension (72°C, 10 seconds, ramp rate 20°C/s). A melting curve was generated by holding the reaction at 40°C for 20 seconds and then heating slowly to 95°C with a ramp rate of 0.2°C/s. Fluorescence signals plotted against temperature yielded peaks at 65°C for the A allele and 60°C for the T allele.
To address the possibility of an unsuspected population bias, 30 a further control gene, multidrug resistance 1 (MDR1), with intermediate allelic frequencies of the C3435T SNP in exon 26 was used, 28, 31 which was not linked to ClCNKB. Genotyping for C3435T was performed by denaturing high-performance liquid chromatography analysis as previously described. 32 
Biometric Data
Blood pressure was determined with automatic cuffs once during the day in the sitting position after at least 15 minutes of rest (TM-2430; Bosch und Sohn, Jungingen, Germany) or repeatedly every 30 minutes throughout the night (IntelliSense; Omron Matsusaka, Japan). Urine was collected after 24 hours. Glomerular filtration rate (GFR) was calculated from the creatinine clearance, whereby creatinine concentrations were determined using a Beckman creatinine analyzer with reagents supplied by the manufacturer (Creatinine analyzer 2 Reagents; Beckman, Munich, Germany). Sodium and potassium concentrations were determined by respective electrodes (Advia 1650; Bayer Leverkusen, Germany); calcium and phosphate concentrations were determined by photometric determination of cresolphthalein and ammonium-phosphomolybdate complexes, respectively (Advia 1650; Bayer Leverkusen, Germany).
Statistical Evaluation
All data are given as meansϮSD. Data were analyzed by parametric or nonparametric methods, depending on whether data distribution was normal or not normal. For paired comparisons, the Student t test, the Mann-Whitney U test, the Fisher test, and 2 test were used as appropriate. All statistical tests were 2-tailed, and PՅ0.05 was defined as statistically significant. For all calculations, the GraphPadPrism software package version 3.0 was used (Graph Pad Software Inc, San Diego, Calif). All laboratory procedures were performed blind to case-control status.
Results
As shown in the Figure, in the presence of barttin, the current induced by ClC-Kb T481S was significantly larger than the current induced by wild-type ClC-Kb.
The prevalence of the ClC-Kb T481S mutation is given in Table 1 . In 3 different white populations, a prevalence of Ϸ20% for heterozygous ClC-Kb T481S /ClC-Kb and of Ϸ2% of homozygous mutant individuals (ClC-Kb T481S /ClC-Kb T481S ) were obtained. Allele and genotype frequencies were significantly different between the white and the Ghana population (Table 1 ). The prevalence of carriers of ClC-Kb T481S was significantly higher in Africans as compared with any of the 3 white populations (Table 1) .
Because the frequency distribution of homozygous carriers for the ClC-Kb 481S variant is low ( After exclusion of blood pressure data from individuals undergoing antihypertensive treatment (nϭ18), the systolic (Pϭ0.022) and diastolic (Pϭ0.015) blood pressure values were still significantly higher in carriers of ClC-Kb T481S than in ClC-Kb/ClC-Kb.
The incidence of hypertensive blood pressure values (Ն140/90 mm Hg) was significantly (Pϭ0.01) higher in carriers of ClC-Kb T481S than in ClC-Kb/ClC-Kb (odds ratio 2.4). This result again holds true after exclusion of individuals undergoing antihypertensive treatment (Pϭ0.02, odds ratio 3.9). A similar significantly enhanced incidence of hypertensive blood pressure values was observed in male (Pϭ0.017; odds ratio 3.7) but not in female carriers of ClC-Kb T481S . To determine whether individuals with normal or elevated blood pressure might be covertly stratified, we analyzed the unlinked frequent genetic polymorphism C3435T of the MDR1 gene. For the total population, the frequency distribution of wild-type (CC), heterozygous (CT), and homozygous mutant (TT) individuals were 26%, 50%, and 24%, respectively, which are completely in line with the prevalence of this mutation in several large healthy German populations previously investigated. 31 Average systolic and diastolic blood pressures were similar in CC3435 (129Ϯ12/ 80Ϯ9 mm Hg), C3435T (130Ϯ17/79Ϯ10 mm Hg), and 3435TT (132Ϯ18/80Ϯ11 mm Hg) carriers. There were no significant deviations from Hardy-Weinberg equilibrium for the C3435T polymorphism within heterozygous and homozygous mutant individuals of ClC-Kb T481S and ClC-Kb wildtype subjects.
Single blood pressure measurements are biased by many extrinsic and intrinsic factors and thus may not reflect the true blood pressure state. To exclude most of the extrinsic factors, we performed repeated automatic blood pressure determinations in a subset of volunteers (nϭ67) during sleeping hours. As illustrated in Table 3 , nocturnal blood pressure values were again significantly enhanced in individuals carrying the mutation.
Individuals carrying ClC-Kb T481S had a significantly (Pϭ0.019) higher plasma Na ϩ concentration and a significantly (Pϭ0.05) smaller GFR than ClC-Kb/ClC-Kb. The fractional excretion of K ϩ was significantly (Pϭ0.046) larger, whereas those of Na ϩ , Ca 2ϩ , and phosphate were not significantly different in carriers of ClC-Kb T481S as compared with ClC-Kb/ClC-Kb.
We further tested whether correction for renal salt excretion would abolish the differences in blood pressure values. To this end, a correlation between blood pressure values and renal salt excretion was calculated for the whole population and the individual blood pressure values corrected for the average influence of the individual salt excretion. After this correction, the systolic (Pϭ0.001) and diastolic (Pϭ0.004) blood pressure values were still significantly higher in carriers of ClC-Kb T481S than in carriers of ClC-Kb/ClC-Kb.
Discussion
The present observations confirm the gain of function of ClC-Kb T481S shown previously. 25 More importantly, they disclose the significance of enhanced activity of ClC-Kb channels for hypertension. Even heterozygous individuals display significantly higher blood pressure, indicating that the parallel expression of ClC-Kb T481S and wild-type ClC-Kb favors renal salt retention and subsequent increase of blood pressure.
The analysis of the mutation in a single population bears the risk that the population includes a subpopulation with distinct genetic background. In theory, an increased prevalence of the ClC-Kb T481S mutation in this population may by chance be associated with another genetic alteration predisposing to hypertension. However, we have analyzed exclusively individuals with identical ethnic background (Middle European) and because the screening has been performed specifically to test for a single gain of function mutation, the likelihood that the differences in blood pressure were caused by a different gene is rather modest. Moreover, to depict possible genetic inhomogeneity, we have screened for prevalence of a MDR1 gene polymorphism. As a result, the MDR1 gene polymorphism was not associated with increased blood pressure and, as expected, did not correlate with ClC-Kb T481S . Although the analysis of a single gene does not definitely rule out population stratification, the data do suggest that the population was not significantly stratified.
Because ClC-Kb is expressed exclusively in the kidney and the inner ear, 10,11 the increase of blood pressure in individuals carrying the ClC-Kb T481S mutation must be the result of altered renal NaCl reabsorption. Enhanced ClC-Kb channel activity favors Cl Ϫ exit across the basolateral cell membrane leading to decrease of cytosolic Cl Ϫ activity and cell volume.
Decrease of cytosolic Cl Ϫ activity should increase the driving force and cell shrinkage should stimulate the activity of the apical Na ϩ, K ϩ , 2Cl Ϫ cotransporter, which were expected to increase transport rate after activation of the basolateral Cl Ϫ channels. 33 Gain of function mutations of the renal epithelial Na ϩ channel ENaC have been shown before to underlie the severe hypertension in Liddle syndrome. 2, 34, 35 The present observation reveals the second mutation in an epithelial ion channel causing increase of blood pressure. Unlike Liddle syndrome, the mutation described here is common, affecting Ϸ20% of a white population. Other monogenic hypertensive disorders are caused by deranged regulation of renal tubular NaCl transport, such as in Gordon syndrome, 36 mutations of the mineralocorticoid receptor, 37,38 mutations of 11-hydroxysteroiddehydrogenase 39, 40 and glucocorticoid remedi- Mean arterial pressure (MAP sleep) and blood pressure (BP sleep) during sleep or from 2 am until 6 AM (MAP 2 to 6 AM, BP 2 to 6 AM) and minimal blood pressure during night (BP min) are given in mm Hg; plasma concentrations of sodium (͓Na͔p), potassium (͓K͔p), calcium (͓Ca͔p), and phosphate (͓Pip͔) are given in mmol/L; respective fractional excretions (FE) in % of filtered load; and urinary excretions (UV) in mmol/24 h or mg/24 h as indicated. P for differences between ClC-Kb/ClC-Kb and carriers of ClC-Kb T481S .
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ClC-Kb and Blood Pressure 1179 able hypertension. 41, 42 Again, those monogenic hypertensive disorders are rare. In contrast, the ClC-Kb T481S mutation is frequent and may well substantially contribute to the development of essential hypertension.
The impact of ClC-Kb T481S is apparently modest and the mutation does not invariably lead to hypertension. Accordingly, the development of hypertension in carriers depends on other genes and lifestyle. 3, 43 In this line, it is tempting to speculate that the enhanced prevalence of the gain of function mutation in an African population is the result of evolutionary pressure in a hot environment favoring enhanced loss of water and electrolytes through sweat. Thus, in a hot climate evolution selects individuals with enhanced ability to retain salt. In a cold environment with excessive salt supply those individuals are, however, at enhanced risk to renal salt retention, extracellular volume expansion, and volume hypertension, which indeed has been shown for Africans exposed to salt-rich Western diet. 44 Subtle differences could be identified in renal function. The moderate but significant decrease of glomerular filtration rate may result from enhanced ClC-Kb channel activity, because ClC-Kb is expressed in the macula densa where Cl Ϫ reabsorption is a critical determinant of tubuloglomerular feedback. 45 The increased Na ϩ plasma concentration may have resulted from an impaired ability of the kidney to eliminate Na ϩ , which may be partially caused by decreased GFR. The hypernatremia was not likely caused by enhanced salt intake, because urinary Na ϩ excretion was rather decreased. The significantly enhanced fractional excretion of K ϩ may simply reflect the necessity to excrete a normal daily load of K ϩ at a decreased GFR.
Perspectives
Our data suggest that the enhanced activity of the ClC-Kb T481S channel indeed leads to renal salt retention and increase of blood pressure. Thus, we hypothesize that the ClC-Kb T481S mutation is a common genetic factor predisposing to the development of essential hypertension. The strength of the hypothesis is the doubtless profound functional significance of the mutation in vitro, suggesting a strong impact of the mutation on renal NaCl reabsorption in vivo. As a matter of fact, the mild phenotype of ClC-Kb T481S carriers may be surprising in light of the profound impact of the mutation on channel function. The limitation of the hypothesis is the relatively small number of individuals studied. Thus, further studies in other populations are needed to confirm the association between the mutation and blood pressure, GFR, and renal handling of Na ϩ . Specifically, it will be interesting to explore the prevalence of the mutation in hypertensive patients and in patients with endstage renal failure, the association of the mutation with blood pressure in Africans, and the influence of the mutation on sensitivity to salt intake and diuretic treatment. Moreover, additional studies may allow the identification of the molecular mechanism accounting for the enhanced activity of ClC-Kb T481S . Finally, the present observations raise the question why evolution did not lead to the preferential selection of the functionally more potent channel protein.
